Frfrrrrrnr

Expefimenta Activitiesin . =

s - -'l . . Ry - >

Befkeley |

: 2 |\.-_" 1';-;‘.;.‘ .‘\\\.\

Berkeley

UNIVERSITY OF CALIFORNIA



« Berkeley is currently leading a targeted experimental campaign
to address these needs:

* (n,p) production cross sections — UCB
« Stacked-target charged particle excitation functions - LBNL
 Tunable broad-spectrum neutron source — LBNL
* Nuclear structure
« S%Fe |evel scheme / lifetimes — GRETINA @ ANL
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Nuclear Data Needs and

Capabilities for Applications
May 27-29, 2015
Lawrence Berkeley National Laboratory, :
Berkeley, CA USA 4F
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Isotope Production Needs
4. Need small uncertainties on all dosimetry reactions

1. -

standard benchmark neutron field
3R{n.p), ""B(nX)a, *Fe(n,a), =Na(n,2n), "=W(n,y),

1. Charged-particle reactions for the production of medical isctopes at low energies (E < 30 Me\): L i), and #Znin.p)

o “Scp,n)*Ti; 2Crlp,nl=Mn; ¥Fel{d,n)*Co; ¥Zn(p,a)*Cu; "Ge(p.n)As, “Se(d,n)™Br;

ary
‘;EDE ﬁSr{p n]aa\r.-. 1mTE[p n:|12"I n,f) and ®*U(n,2n)
- T T e T e T T e,
a f:?otllﬁn}!:Nl- Hﬁsﬁlﬁ‘n)”&- & 6. IRMM Exploratory Study of Validation Data in *Cf Standard Neutron Benchmark Field
- 5|3|(F'-3"'3;'1"3-';1 “Sb, "*Cs(p.3 7. Muclear data needed for Super Heavy Element (SHE) target o lssues with existing ""Au(n,y) due to room return
o m“én{(z‘;nllﬂ':;' Galp,4n)*Ge, @ ::g:?(ﬂ-;'l low energy resonances o Issues with existing ®Zr(n,2n) due to Th contamination
@ sip,on) -~ bBa o .Y |ssue with existing *Zr(n,2n) due to *Zr{n,y) contribution
e I(p,6n)"Xe T s TTTIETETe Yy - =
o ™Br(p.x)Se, "in(p.x)'"Sn, =1 az ) A a7 4 54 &7 &7 Y 105
o Stean¥ese e | =5(n,p)=P; YTifn,pj*'Ca, *Zn(n,p)*Cu; ¥Zn(n,p)Cu; *¥(n,p)™Sr, "*Pd(n,p) Rh;
Bl il Mgy 148 148 153 153 1 1EGe~ . 161 1Bt 165 166 § - .
o Znb2pcu, "Xaip2p™ Smin,p)"*Pm, "Eu(n,p)'*Sm, " Tb(n.p)"*Gd; ""'Dy(n,p)"*'Tb; "**Er(n,p)'*Ho;
) reaction on *#Mo for im 1 L = 175 - 17T i "Tc and “*Mola, X)Ru
o () rmacior o e | " Tmin,p)"Er; " Luin,p)'™Yb; ""Hf{n,p) " Lu
o "Cd{a,3n)"""Sn; 'Os(a,3n)" Gamma yield spectrum for incident neutron energies in the 1 | WiAC Inertial Confinement Fusion Data Needs
heat generation rates: B. Walidation data in 30 keV
3. MNuclear data needed for radionuclides | o *Te(n,y) (production of ') 28(n,y) 1. Accurate, temperature-dependent fusion reactivity for light ions is of primary importance to
fission neutrons: o “Moiny) describe thermonuclear burn.
o ®8(nx =Si o *Ru(n,y) 9. Test and improve decay chare o dtan, tit, a)2n, did,tp, did,*Heln, d*He, a)p
o ™Clinx)FSi, ¥Cl{n,x)*=Si o "@Rh{n,y) = e ———
o ™%Zn(n,x)¥ Cu, ®=Znin,x)"Cu, "2 o ::ELI{I'I“HJ
#5Rain,2nj**Aa -] Euln,y) s s . .
e A o ligeny 4. MNeed small uncertainties on all dosimetry reactions
o =S(n,p)=P; “Tin,p)"Ca, “Zn(n, ° n.y)
H88min.p) P, FEuin p)"S, o “Sniny) ) T A T T T
|a-|-nm-|{{: D}}‘BE:—I'I‘“LU{:EI"I }?TLYI:I'" Mote: * indicates stable isotopes o Ae dopanis to prabe ablation front instabilities. .
P ¥ 4P i e s o Br(d.2n)Kr to probe ablator/cold fuel and ablator/hot core mix.
4. Hi . 10. Gamma Emission Probabilities on - coret
. High-energy photon-induced reactions Excitation function for incident neutran energles from therm: ‘“"‘Flh Yo o Alpha particle induced reactions to probe hot core mix: °Li, *Be. "B (best one), °C, “N,
o ®Znly,pl Cu; "Mofy,n}"Mo; " o "Lufn, y). "Eufn, y). "“Euln, y). "As(n, y). ZAs(n, ). ° — X-ray emissh 50, "F, ®Me, ®Ma, **Mg, TAL
5. Muclear d 4. Gamma-ray diagnostics for performance and ablator/fuel instabilities.
a ! lghllght fro I I l V v I TC 2 O 16 54Fe(p a)san o Total yield from d-t fusion y branching ratio at 17.6 MeV.
a o 'C{n,n’y) 4.4 MeV time-integrated emission provides hydrocarbon areal densities
o 'Nola.pen) = T O RS RS T (remaining mass). Cross section at 14 MeV must be accurate.
o ™Mofn,2n) 1. ""Sn(n,n'), covering energy response 0.3 - 3.0 MeV o *Fe, ®Fe (ASTM EB9E o Does “Cin,n'y) have strong emission near 4 MeV? If not, then a useful mix diagnostic is
100) - i . possible.
© "™Molp,pn) - data on long-lived 5 iz 16 support new evaluations 12. Uncertainty in recoil spectrum
o *Nafny), discrepant in fast neutron region, > 100 ke o Recoil spectrum char: 5. Solid Radiochemistry Diagnostic (SRC) is currently an NIF diagnostic complementary to “C-y
e :Na{n‘znn o ©Ga, "'Ga, "As GRH detection (CH pr).
o  “Al[n,2n) o Feisotopes o Ratio of "Au/"Au from the activated hohlraum.
a Va]idate«’test use of cz o (ny¥n2n)low energy neutrons/14 MeV neutrons.

3. Address discrepancies:

Berkek NDNCA Whitepaper available at
rttrpey  http://bang.berkeley.edu/events/ndnca/whitepaper/



« Emerging medical radionuclides
— %4Cu (t;, =12.7 hr) — 61% [3* to 4Ni, 39% [~ to ®4Zn
— 4Sc (ty, = 3.35d) — B to 4'Ti, with 159-keV y

Promising Prospects for 44Sc-/4’Sc-Based Theragnostics:
Application of 4’Sc¢ for Radionuclide Tumor Therapy in Mice

Cristina Miiller', Maruta Bunka®?, Stephanie Haller', Ulli Késter*, Viola Groehn®, Peter Bernhard(®7,
Nicholas van der Meulen?, Andreas Tiirler?, and Roger Schibli!-®

!Center for Radiopharmaceutical Sciences ETH-PSI-USZ, Paul Scherrer Institute, Villigen-PSI, Switzerland; *Laboratory of
Radiochemistry and Environmental Chemistry, Paul Scherrer Institute, Villigen-PSI, Switzerland; *Laboratory of Radiochemistry and
Environmental Chemistry, Department of Chemistry and Biochemistry University of Bern, Bern, Switzerland; *Institut Laue-Langevin,
Grenoble, France; *Merck and Cie, Schaffhausen, Switzerland; *Department of Radiation Physics, The Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden; “Department of Medical Physics and Medical Bioengeneerii i
University Hospital, Gothenburg, Sweden; and *Department of Chemistry and Applied Biosciences, ETH Zuric

In Vivo Evaluation of Pretargeted **Cu for
Tumor Imaging and Therapy

Michael R. Lewis, PhD'": Mu Wang, MD'; Donald B. Axworthy, BS% Louis I. Theodore, PhD?;
Robert W, Mallet, BS?, Alan R. Fritzberg, PhD?; Michael J. Welch, PhD'; and Carolyn J. Anderson, PhD!

'Mallinckrodt Institute of Radiology, Washington University School of Medicine, St. Louis, Missouri;
and *NeoRx Corporation, Seattle, Washington
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2.45 MeV neutrons, 102 n/s/cm?

Commissioning: Extraction Plate: 5mm diameter
25 July 2015

D Plasma

Deuterium Gas
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The UC Berkeley High Flux Neutron Generator

1 mm
—>
N
[«B]
@ 5cm
>
= =
D-D Neutrons 5 g
©
[
v
<«<—>0.5mm
€ >
2 mm
Metal Purity Abundance Foil Density
(a/o) (mg/cm?)
nat|n >99.999% 113|n (4.29%), 365.5
115In (95.71%)
B€I‘k€1€ natzp >99.99% 647n (49.17%) 714.1
14 November 2016 | NDW 16 -
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natT; 99.999% 47Tj (7.44%) 450.6



The UC Berkeley High Flux Neutron Generator

D-D Neutrons

Polyethylene
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The UC Berkeley High Flux Neutron Generator
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511 keV Peak

* Raw Data
Fit Line

1000

‘F ) A 1200

@ 159 keV — 475c B- Decay 800 1

A\ 336 keV - 115m In IT Decay
600 -

Integrated Counts

336 keV Peak

18000

]
S S " 1y, =12.097 £ 0.8348 h' .
16000 f Fitio | 200 - (ENSDF =12.701 h)
14000 | t,, =4.519+0.044 h- x> Iv =1.743

12000 - (ENSDF = 4,486 h) 1 °s 0 5 1|0 1|5 2|0 25

5 Time since start of counting (hr)
o L 2 / | R -
O 10000 V = 1.656 |
3 X 1 %511 keV - 64 Cu B+ Decay,, |
% 8000
4000 |- 0+
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H. Liskien et al., Nucl Data
Tables, vol 11, 2973
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d¢’/dE, MCNP6-modeled Neutron Flux (normalized)

H. Liskien et al., Nucl Data
Tables, vol 11, 2973
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Cross Section (mb)
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647Zn(n,p)%4Cu
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Table 3. Results of cross section measurement.

Reaction o(E, = 2.7645 MeV) (mb)

45.953 £ 3.351,
46.493 £+ 2.805,
46.9 + 3.189
49.716 = 3.335,

64Zn(n,p)**Cu
(relative to 1In)

64Zn(n.p)ﬁ4(}u

) - / 9 B

(relative to 1°In) 49.011 £ 2.698,
*"Ti(n,p)*"Se 95.901 + 1.7089,

(relative to 1°In)
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47T1i(n,p)4’Sc
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= = ENDF/B-VII.1
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Table 3. Results of cross section measurement.

Reaction o(E, = 2.7645 MeV) (mb)

45.953 £+ 3.351,
46.493 + 2.805.
46.9 + 3.189

| | 19.716 + 3.335.
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5 1/8"—*

/— Vault door

Internal:
108
2
n/ S/ cm 101 1/4"
FNG
/ Phase 1 current
/- upgrade complete!
#seenina Rateina
Threshold % Strongesty-ray 0.5% Ge 0.5%
! Target Nuclide (keV) abundance branch (keV) detector detector
32S 32P 985 95% 0 0.00E+00 0.00
ATTi ATTi 0 7.44% 159.381 1.24E+05 1.44
64Zn  64Cu 0 49.20% 511 5.03E+05 5.82
67Zn  67Cu 0 4.04% 184.577 5.45E+04 0.63
Monoenergetic Beam: 1034 89Y 89Sr 726 100% 908.96 1.25E+02 0.00
) 105Pd  105Rh 0 22.33% 318.9 1.27E+05 1.47
n/s/cm 149Sm  149Pm 291 11.24% 285.94 4.47E+03 0.05
153Eu  153Sm 25 52.19% 103.18 1.36E+05 1.58
159Th  159Gd 190 100% 363.543 1.58E+05 1.83
161Dy  161Th 0 18.89% 75.57 2.66E+04 0.31
€r e e 166Er  166Ho 1079 33.50% 1379.4 4.39E+03 0.05
175Lu  175Yb 0 97.40% 396.3 1.88E+05 2.18

177Hf 177Lu 0 18.60% 208.4 3.77E+04 0.44
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25 um — thin foils in 0.1” Al frames
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Nuclei Produced at End of Beam
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10-cm-radius, well-collimated, open-air neutron beam

Aluminum Activation
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Indium Activation
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Neutrons/MeV/Sr/uC

K.P. Harrig, J.A. Brown, D.L. Bleuel, B.L.
Goldblum, L.A. Bernstein, E.F. Matthews,

108 T. Laplace: T
Bay Area Neutron Group
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FIG. 5. (Color online) Ratios of Maxwellian-averaged (n,y)
reaction rates at T = 10? K for the Fe, Mo, and Cd isptopic chains
up to the neutron drip line, using the GLO-lo and GLO model.
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Larsen et al,
DOI:
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vC.82.014318
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FIG. 3. (Color online) Gamma-ray strength functions for
#-%Mo. Experimental data points with the normalization of Ref. [6]
are shown as open squares. The filled squares are obtained when
GLO model. normalizing the experimental NLDs on the basis of the calculations

of [20]. Giant resonance photoabsorption data (blue open circles) for

#4365 Mo are taken from [32], The black triangles represent measured
B k 1 E1 strengths for "% Mo from [15]. The blue solid line corresponds
€r e ey 14 November 2016 | NDW 16 - to the GLO-lo parametrization, the blue dashed ]line. to the GLO-upl
UNIVERSITY OF CALIFORNIA CSEWG 31 parametrization, and the dash-dot line shows the GLO-up2 model. For
%Mo, also the GLO model for E, = 1 MeV is displayed (dotted line).

FIG. 7. (Color online) Same as Fig. 5 for the GL.O-up2 and the
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Doppler Shift

Fe 2%, — 2%, "".‘ Recoil Simulation

Recoil away fromj
emission: low E

'h—__-_ .;-I L
-0.002

This ENSDF
Work Comparison
Lvi(keV) E (keV) Transition t,,, (fs) (n,n") (p.p")
* 2657 1810 2+, 2+, 33(2) 21(1) 28(7)
s0 2960 2113 2+, 2%, 20(4) 28(3) 27(9)
- s === 3120 2273 1*,— 2%, 20(8) 19(1) 24(11)
T e T o |0 3123 1037 4*,— 4+, 51(4) 47(12) 5075
o e i s o 2 3370 2523 2t,— 2% 19(2) 17(3) 18(7)
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